ABSTRACT: Production and use of chlorinated paraffins (CPs) have been increasing in India. Distribution of CPs in the area and vicinity have become a great concern due to their persistency and toxicity. Polyurethane foam based passive air samplers (PUF-PAS) was deployed in order to screen the presence of short-and medium-chain chlorinated paraffins 
■ INTRODUCTION
Chlorinated paraffins (CPs) are chlorinated n-alkanes containing 30−70% of chlorine in their very complex structure. There are more than hundred thousand isomers, 1 which are very inert, water insurable and produced by chlorination of n-paraffin or paraffin wax.
2 They also known as polychlorinated n-alkanes or PCAs, and have been produced and used as additives (in metalworking fluids, sealants, and paints), plasticizer (in polyvinyl chloride or PVC production) and flame retardants (in plastic) 3, 4 for many decades. Because of their similarity in physical and chemical properties to persistent organic pollutants (POPs), such as PCBs, toxaphene and DDT, 5, 6 they are very toxic to human/wildlife and persistent in the environment. 7, 8 CPs consists of three different groups divided by the number of carbon atoms in the structures; short, medium, and long chain chlorinated paraffins. The number of carbon for SCCPs, MCCPs, and LCCPs are 10−13, 14−17, and 18−30, respectively. The short chain chlorinated paraffins (SCCPs), are proposed for listing under the Stockholm Convention due to their persistency and bioaccumulation 9 whereas the other two CPs; MCCPs and LCCPs, although, they have not yet been proposed under the Convention, have similar properties, however, lower toxicity. IARC or the International Agency for Research on Cancer catagorised SCCPS as group 2B which is defined as possibly carcinogenic to humans. 10 In addition, there is evidence that SCCPs also can cause cancer in rat and mice and harm to aquatic organisms.
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Many CPs have a high potential for persistence in the environment and bioaccumulation in the organisms, 12−15 also are in widespread use. 16 As expected, they were detected in environmental samples from different compartments and areas 4,8,17−21 and living samples. 22, 23 Long range transport seems to be a mechanism, 24−26 like other POPs, transferring CPs from the point of production and use areas to the other areas, even to the very remote regions and areas with very few human activities. In order to quantify the level of CPs over a large area simultaneously, the use of active air samplers (AAS) could be problematic, with restrictions of cost, intensive maintenance and operation, electricity requirement, and etc. To avoid these issues, AAS are substituted by passive air samplers (PAS) which have been used widely for the monitoring of POPs levels in regional, 27 national, 28 and also continental scales 29 . 30 As a regional atmospheric observation, it is an important means to confirm local emission sources of POPs, to elucidate atmospheric transport processes and to understand spatial and temporal trends.
In recent years, the South Asia is one of the most prosperous areas of the world, although, rapid economic development and industrialization in this region have resulted in a series environmental problems. Many previous studies conducted in this region have focused on POPs, suggesting that South Asia has become one of the regions of great concern with respect to global POPs pollution. 31−33 With the influence of high temperatures and the outbreak of monsoons, these POPs can transport to the remote areas. 34 Despite the large production and usage of CPs in the South Asia region, the study of CP in this area is still limited. There is an urgent need for more studies on the environmental levels of CPs in this continent, particularly the countries with large production and usage, especially China and India. China is the largest producer and consumer of SCCPs in the world. Unsurprisingly, the world's highest atmospheric concentrations of SCCPs were observed 8 in Chinese cities. In India, chlorinated paraffins are specifically recommended for poly vinyl chloride (PVC) applications in polymer industries. Certain grade can be used as sole plasticizers in relatively hard products, such as flooring compounds, but they are more normally used as partial replacements for phthalate or phosphate primary plasticizers. 35 The Indian PVC resin industry's capacity currently stands at around 1.3 million tonnes per annum (MTPA). As against this, domestic demand has been growing steadily and has reached almost 2 MTPA. The gap of 0.7 MTPA is filled by imports. 35 However, the information of how much CPs are used in the PVC production are not available, therefore the amount of usage is unknown. Similarly, information on production and usage of CPs in Pakistan are very limited and there is not yet any official or reliable information available.
With lower sampling cost and the ability for simultaneously sampling in many sites, passive air sampling devices have been deployed for screening the presence of semivolatile organic compounds, especially POPs, in recent years. 36, 37 One of the simplest passive air samplers and widely used in many studies for POPs is the polyurethane foam disk. 38, 28, 35, 39, 40 There are some studies that have used polyurethane foam based passive air sampler (PUF-PAS) to determine the CPs in the UK, 41 China, 8, 21 Japan, 8 and South Korea. 8 Since studies or information on the levels of atmospheric CPs are still limited, especially in the South Asia, this study was initiated. PUF-PASs were deployed in India, where CPs are significantly produced, and in Pakistan in winter of 2006 and 2011, respectively, in order to screen, delineate the spatial distribution, and identify congener group profiles of CPs in the atmosphere. The results obtained from this study aim to reduce the information gap on the current level of CPs in the Middle Asian Continent and this would be also a benefit for future studies to use the reported results as a reference or for comparison of centration change in this region.
■ MATERIALS AND METHODS
Passive Air Sampling. The air samples were taken from urban, suburban and rural sites by polyurethane foam based passive air samplers (PUF-PAS) (14.0 cm diameter; 1.30 cm thick; 0.0170 g cm −3 density). An Indian sampling campaign was conducted at three different areas (Kolkata or KL, Mumbai or MB and Chennai or CN with total sample of 20) during the winter season in 2006, whereas in Pakistan or PK (10 samples), the samplers were deployed during the wintertime of 2011 ( Figure 1) . Details of the sampling campaign in India were described elsewhere. 31 The Pakistan sampling campaign was conducted near an industrial zone and adjacent rural areas. 42 A summary of the sampling sites and time of deployment can be found in the Supporting Information (SI). The PUF disks were Soxhlet-extracted for 48 h with methanol and then acetone for 24 h, and dichloromethane (DCM) for 24 h, wrapped with clean aluminum foil baked at 450°C for 4−5 h before use, sealed in Teflon bags and transported to the sampling sites before sampling. The samplers were hang at 1.5−2 m above ground the open area and air could move freely, around 1.5−2 m above ground in open area such that air could move freely around them. The samplers were deployed for at least 56 days and 28 days in Pakistan and India, respectively. After each sampler was harvested the PUF disks were wrapped, sealed and transported to the laboratory, and kept at −18°C before analysis.
Sample Extraction and Analysis. The PUF disk air samples were spiked with 13 C-trans-chlordane as surrogate, and Soxhlet-extracted with dichloromethane (DCM) for 24 h. Activated copper was added to remove elemental sulfur before extraction. Each extract was concentrated and solventexchanged to hexane, then, the extracts were cleaned up by a multilayer column containing anhydrous Na 2 SO 4 , neutral silica gel (3% deactivated) and neutral alumina (3% deactivated) from top to bottom, and then by a column containing 50% (w/ w) sulfuric acid−silica gel, florisil (2% deactivated) and neutral alumina. The eluent solvent was concentrated to approximately 25 μL, and 13 C 8 -mirex was added to the extracts as the internal standard prior to an instrumental analysis.
Instrumental Analysis and Chemical Standards. SCCPs (C 10−13 with Cl 5−10 ) and MCCPs (C 14−17 with Cl 6−10 ) were simultaneously analyzed by gas chromatography electron capture negative ionization low resolution mass spectrometry (GC-ECNI-LRMS) on a DB-5MS column (30 m × 0.25 mm i.d. × 0.25 μm film thickness) with methane as the reagent gas. The initial oven temperature was set at 120°C for 1 min, and then 15°C/min to 290°C held for 15 min. Helium was used as carrier gas at a constant flow of 1.0 mL/ min. Sample volumes of 2 μL were injected in the splitless mode at an injector temperature of 280°C. Temperatures of MSD source and quadrupole were 200 and 150°C, respectively. The most and second most abundant isotopes of the [M-Cl] − ions of SCCPs and MCCPs were recorded in the selected ion monitoring (SIM) mode (dwell time of 30 ms per ion). Three SCCPs (51.5%, 55.5%, and 63% of Cl), three MCCPs references (42%, 52%, and 57% of Cl) from Dr. Ehrenstorfer co., and their mixtures (SI Table S4 ) were used to establish a linear correlation between chlorine content and total response factor (SI Figure S1 ). The analytical method was based on previous studies 43, 44 with slight modifications by identify the two most abundant isotope of SCCPs and MCCPs (see SI Table S2 ) to improve the identification of possible interferences caused by the CP congeners themselves. The identification of CP congener groups was performed by comparison of retention time, signal shape, and correct isotope ratio according to Reth and Oehme, (2004) 44 and the quantification method followed the work of Reth et al. (2005) 38 and Iozza et al., (2008).
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Quality Assurance/Quality Contral (QA/QC). In total, seven field and five analytical blanks consisted of pre-extracted PUF disks that were extracted and analyzed in the same manner as the samples. The field blanks were transported to the sampling sites and opened for a few minutes. Then, the blanks were wrapped with the preclean aluminum foil and bought back to the laboratory and stored at −18°C before analysis. All field and analytical blanks spiked with 5 μg of SCCP standards with a degree of chlorination of 56.7%, 5 μg of MCCP standards with a degree of chlorination of 50.3%; and 10 ng 13 C 10 -transchlordane were simultaneously analyzed. The concentration of SCCP, MCCP and 13 C 10 -trans-chlordane standards were in the range of 82−96%, 74−80%, and 81−90%, respectively. There are no significant differences between lab and field blanks, or between the blanks taken from Pakistan and India. The method detection limit (MDL) was defined as the mean of the blanks plus 3 45 in which low molecular weight PACs are in the gas phase and medium and high PCAs tend to be in the particulate phase found that the sampling rates for the different congeners were in the same magnitude (5. ) and MCCPs (9.45 ng m −3 ) were detected at the industrial site of Shahdara (PK 09). Nonetheless, the concentration pattern of CPs in Pakistan is not very clear, the level of both SCCPs and MCCPs were found to be very low in some industrial sites, urban area (PK 02, 07, and 08) and moderately high at the agricultural site, rural area (PK 06). Due to lacking of official or reliable production and use data for CPs in Pakistan, a possible explanation of this event is that there could be some local CPs sources where some plastic, rubber, and paint plants are randomly located in Pakistan. Figure 2 presents the concentration of SCCPs and MCCPs at each site and the concentration profiles separated by degree of urbanisation. It is noted that the sampling campaign the sites in India and Pakistan were conducted in different years, 2006 and 2011, respectively. The sampling sites were divided into three groups; urban, suburban, and rural, and total concentration (from both countries) of SCCPs and MCCPs for each group was normalized for comparison. It is clear that the level of CPs in the urban area shows the highest level of both SCCPs and MCCPs, following suburban and rural areas. The detected levels of CPs in India from this study are fairly low when compared with the atmospheric samples from China, 8, 46 which is the world biggest CPs producer, 13 approximately 10 times lower. However, CPs in Indian air are significant higher than ambient air in Japan, 8 South Korea, 8 and Pakistan (in this study), where the concentration of CPs in these three countries are comparable (see Table 1 ). In the European zone, few atmospheric CPs concentrations in the Table 1 . It is worth to mention that the level of CPs detected in passive and active air samplers from the same country, such as China (see Table 1 ) are in the same magnitude. It suggests that PUF-PAS is an efficient tool to use for monitoring the level of atmospheric CPs when the active air sampling technique is not available. Even though, lack of information on the production of CPs (and each group; SCCPs, MCCPs, and LCCPs) in India aforementioned, around 10−17% are estimated to be added for the plastic or PVC production. 35 Unfortunately, without the information of CPs for other applications in India, such as for working metal fluids, it should be noted that the following CPs production and usage only based on the polymer industry. Based on this consumption and estimated annual PVC production in India (2 million tonnes), Estimation of CPs used as additive for this matter are approximately 200 000 to 340 000 tonnes a year. The production of CPs in China alone in 2007 were more than 600 000 tonnes. 13 On the contrary, it was suggested that the production and use in Europe 13 (15 000 and 4000 tonnes for SCCPs and MCCPs, respectively) were less than 20 000 tonnes. Considering the magnitude of production and use from China, Europe, and India with detected CPs in these area, the results well agree and are comparable.
It is worthy of mention that large quantity of plastic products containing CPs has been used in Europe, nevertheless the production of CPs is limited and small. CPs could be released from these products, however the levels of detected atmospheric CPs are still much less than the level in this study. The reason behind this fact is that possible main paths of CPs from plastic products to the environment are disposal and recycle of these plastic. The emission rate depends on the extent of dust control at the facility. 13 Undoubtedly the restriction, regulation, and technology for controlling the disposal and recycling in India, Pakistan, and China are minimal and ineffective when compares with European countries.
Like other POPs such as PCBs, PBDEs, and PAHs, temperature plays an important role in their fate and distribution in the environment. Lower weight congeners tend to associate with the gaseous phase while the heavier congeners trend to bind with the particular phase. These compounds, including CPs can volatile during periods of high temperatures and deposit when the temperature drops. It is worth to mention that the concentration of CPs in India and Pakistan in this study, especially SCCPs (lower K OA than MCCPs and trend to bind in gaseous phase) could be higher if the sampling campaign was completed during or cover periods of high ambient temperature such as in the summer. Previous seasoning studies on the CPs suggested that levels of CPs were higher in the autumn than the spring 8 and higher in the summer than the winter. Principal Component Analysis (PCA). Principal component analysis has been applied to this study for an investigation of potential sources of SCCPs and MCCPs in the air samples from India and Pakistan. A factor loading plot is presented in Figure 3 . The first two principal components; PC 1 and PC 2 accounted for.83% with 72% accounted for PC1 alone. From the plot, the samplers are clearly divided into 2 groups, SCCPs (C10 to C13) and MCCPs (C14 to C17) with some congeners which separate from the MCCP group. Interestingly, these congeners are MCCPs containing 6 atoms of chlorine; C 15 Cl 6 , C 16 Cl 6 , and C 17 Cl 6 . Another interesting observation from the plot found that the congeners located furthest from the most dense of gathering of congeners and from PC2 of the SCCP group are congeners with lower chlorination degree in the structure, for examples, C 11 Cl 5 , C 11 Cl 6 , and C 12 Cl 5 .
The results from the analysis suggested that those SCCPs and MCCPs should be originated from the same source. With lower chlorinated degree in the structure of SCCPs and MCCPs, it is possible that these congeners travel further from the emission source when compare with the compounds having a higher degree of chlorination. Alternatively, these lower chlorination compounds might be the yield generated from dechlorinated and/or degradation of higher chlorination compound. However, the complex structure and properties of the compounds makes the study of the pathways of degradation for chlorinated paraffins difficult to achieve. Figure 4 demonstrates and compares homologue profiles of SCCPs and MCCPs in the air samples deployed in India: Kolkata (KL), Mumbai (MB), Chennai (CN), and in Pakistan: Punjab (PK). Relative abundance patterns of carbon number in the structure from these four cities for SCCPs and MCCPs are C10 > C11 > C12 > C13 and C14 > C15 > C16> C17, respectively. The SCCPs patterns are fairly similar with the results detected in PAS results from China, Japan, and South Korea, 8 the only difference is that the C11 is slightly higher than C10. However, considering only the pattern of SCCPs in China, the homologue patterns of this study and the reports by Li et al. are identical.
PROFILES OF SCCPS AND MCCPS
Guo et al. (2012) 47 analyzed three commercial CP mixtures which are CP-42, CP-52, and CP-70, they have been used intensively in China and they are accounted for 80% of total production of CPs in China. 1 The results suggest C10 and C11 are the largest of the components in C-42 and C-52, whereas C10 and C-12 are the highest in C-72 (see SI Figure S2 ). Unfortunately, the commercial CP mixtures in South Asia, India, and Pakistan, are not well documented, therefore, the composition of the mixtures are not available. The pattern of carbon number of SCCPs are similar to pattern of commercial SCCPs in China, however, there is insufficient evidence to suggest that the application and usage of SCCPs used in India and Pakistan are similar. The variation of SCCPs patterns do not only depend on commercial formula, but also physicalchemical properties, and meteorological. For example, vapor pressure is found to be a very important factor for SCCPs. The vapor pressure decreases with an increasing of carbon-chain length and degree of chlorination. 48 The concentration of SCCPs and the pattern of carbon atom might be different for the samples sampling in the different seasons.
There are few studies into the presence of MCCPs in air, however, Wang and his colleagues recently studied the decomposition of CPs and they reported the atmospheric concentrations and profiles of MCCPs obtained from the samples in Pearl River Delta (PRD), China. 46 The results in PRD and four sites in this study are alike, with C14 as a dominate homologue. Similarly, C14 homologue was the highest homologue found in the indoor air samples from Stockholm, Sweden.
49 C14 homologue is also found to be dominant in other different sample matrixes, such as dust, 9, 49 soil, 46 sediment, 10 and living samples. 22, 25, 26 The lack of calibration study for the sampling rate of PUF-PAS for MCCPs suggests that the results of this study could be lower than the actual MCCPs in the atmosphere. In addition, MCCPs are heavier than SCCPs and they are mainly in the particular phase, therefore PUF-PAS might not well capture MCCPs presented in the atmosphere.
Considering the homologue patterns for SCCPs and MCCPs with different activities of sampling sites, the sampling sites were divided into four different groups, agricultural, commercial, industrial, and residential. The profiles of SCCPs and MCCPs for these activities are presented in Figure 5 . It is very obvious, with the exception of SCCPs in residential activity, that the distribution of SCCPs and MCCPs, from high to low, is varied in the opposite direction with their number of carbon in the compounds (C10 > C11 > C12 ∼ C13 and C14 > C15 > C16 > C17). This pattern is similar to the pattern found in commercial mixture CPs produced in China, while the C11 is the major composition in CP mixture produced from North America, Germany, and UK. 22, 29 The results from PCA reveal that SCCPs and MCCPs are likely to be from the same source, however, to confirm whether SCCPs and MCCPs used and produced are identical with China, more investigation and information is required.
In India, SCCPs levels found are generally higher than MCCPs but it was opposite story in Pakistan (see Figure 2 ). This might reflect the different application of CPs in these two countries. As textiles are a major industry in Pakistan and long chain CPs (MCCPs and LCCPs) are used as flame retardant for rubber and textile, this could be attributed to the higher MCCPs level than SCCPs in Pakistan. Even though, CPs used as additive for PCV production is MCCPs and they are used in for this purpose mainly in India at mentioned earlier, the MCCPs in the Indian air samples from the site in Mumbai and Chennai were less than SCCPs. This could infer that the application and usage of SCCPs and MCCPs in the area might play an important role in the level of these compounds in the atmosphere and the environment.
■ SPATIAL DISTRIBUTION
Long-range transportation might have a minimal influence on the mobilization of CPs according to the previous reports from the study of spatial and distribution of SCCPs conducted in China, Japan, and South Korea. 8 Calculation by The Fugacity Level III and OECD LRT tool models suggested CPs trend to bind with sediment and soil. Their present in the atmosphere is very small compared to the other environmental compartments and the amount in the air declines with the number of chlorine atoms in the structure. 13 Hence, a primary source seems to play an important role of CPs distribution in the local atmosphere, rather than long-range transportation. Considering the important properties controlling the chemical transportation, the volatility of MCCPs is higher than SCCPs, this makes MCCPs tend to bind with particles and are more easily deposited to the terrestrial compartment and to sink into the riverine environment. Yan et al. 21 reported the levels of SCCPs and MCCPs in air, soil, and deposition samples; they suggested that the atmospheric transport of CPs is preferred mechanism for lighter CPs, such as SCCPs, rather than heaver CPs (MCCPs and LCCPs). Results from principal component analysis (PCA) of this study suggest that the congener with lower degree of chlorination might probably not be from the local sources.
Although some studies suggested that the long-range transport does not play an important role in atmospheric distribution of CPs, 8 but they potential undergo long-range atmospheric transport. The combination of the close proximity to the biggest CPs producer in the world, China and a growing in industrialization in India and Pakistan, the atmospheric levels of CPs are potential higher and could pose a high risk to humans and wildlife in the future. The concentrations of CPs in this study could be useful for the future study in order to compare the change of CPs in this region. With current information and knowledge of these compounds in the South Asia with respect to their fate and behavior in the environment, occurrence and toxicity, further studies on these aspects are urgently needed in order to get a better understanding of these CPs in the environment. Also, calibration study or information for passive air sampler of different CPs is also required for more accuracy of the results using the passive air sampler. 
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